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Abstract
Mild traumatic brain injury (mild TBI) has been shown to cause an array of
symptoms in individuals lasting up to several years. Several publications have lead
researchers to believe that parvalbumin axotomy and its associated changes with
gamma oscillations may be the driving force for these symptoms. Several
publications have demonstrated alterations in both resting gamma and evoked
gamma by way of parvalbumin dysfunction. Our research analyzed resting and
evoked gamma obtained by electroencephalograms (EEG) in nine mild TBI mice and
six SHAM mice by utilizing a behavioral test known as the Whisker Nuisance Task
(WNT). The central fluid percussion model was used to ensure only mild injuries
were being produced and has demonstrated as much as 10% of parvalbumin
axotomy. Through the use of several statistical analyses, our data revealed no
changes in resting state EEG spectra of injured mice, however; higher frequency
ranges of gamma revealed a decrease in power during WNT testing at week one. Our
data also displayed an increase in WNT scores of injured mice at week one, which
persisted at week four. While our resting gamma results revealed data that is
inconsistent with previous publications, it is important to note that our evoked
gamma is consistent with several other papers. In order to solidify the relationship
between evoked gamma and abnormal responses to the WNT, several future
experiments will be considered. Experiments such as changing the placement of EEG
devices, recording at specific time points rather than a range of 30 minutes, and
utilizing cfos staining to determine the level of neuronal activity will help clarify that
relationship of evoked gamma and abnormal WNT scores.
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Introduction
Background
Traumatic brain injury affects as many as 2.5 million people evaluated each year
in the emergency department1. Of those 2.5 million people, 87% are treated and released
from the emergency department, 11% are hospitalized and then discharged, and 2%
died1. The CDC states that some of the leading causes of brain injury include falls, being
struck by or against an object, motor vehicle crashes, and intentional self-harm 2. The
CDC also notes that the cases of brain injury increased by 53% from 2006 to 2014 2. The
Mayo Clinic found that several people are at risk for experiencing brain injury – children
(newborns and 4 month olds), young adults (15-24), elderly individuals (60 and older),
and males in any age group 3. Importantly, mild traumatic brain injury (TBI) is a large
component of those who experience head injuries, accounting for as much as 80-90%1.
The percentage of mild TBI is likely more as the aforementioned number does not
account for those who do not seek treatment.
While many patients have transient issues after experiencing a mild TBI, as many
as 3.2 -5.3 million people are living with TBI related deficits in the United States alone1.
The deficits in which behaviors occur are attention, sleep disturbances, working and
episodic memory, cognitive domains, and verbal learning 4. The CDC also notes that TBI
can affect behavior, emotions, social, and occupational funtctioning1. What remains to be
completely understood is the pathophysiology dysfunctions resulting from mild TBI.
There are, however, a few ideas that are understood about the
pathophysiology following a mild TBI. Experiencing any sort of TBI induces shearing
5

forces that are created within the brain due to sudden deceleration; this shearing force can
ultimately lead to diffuse axonal injury24. We also know that mild traumatic brain injury
can lead to primary mechanical changes, which can ultimately influence secondary brain
injuries 5. Primary mechanical changes are the result of the actual impact 5. It is this
initial impact that leads to all of the biological changes seen in mild traumatic brain
injuries minutes or even days after the injury 5. These biological changes are considered
secondary brain changes, and can lead to inflammation, which in turn will lead to
elevated intracranial pressure 5. Other pathophysiological effects include cell death,
microglial activation, astocytic reactivity, and neurotransmitter dysfunction25. The
mechanisms underlying TBI morbidity have been suggested contribute to
neuroinflammation, intracranial pressure, neuroimmunological responses, and axonal
injury.
Axonal injury can occur in several areas of the brain revealing clinical signs of
injury. These areas can include the corpus collosum, brainstem, and cortex22. A lack of
signature white matter imaging (DTI) to determine injury within mild TBI patients
underscores the need to fully understand the role of white matter axonal injury30. What is
equally as understudied is axonal injury that occurs within the cortical gray matter.
Importantly, axon injury and eventual disconnection within the cortex has been
demonstrated to occur within seconds of injury31 and predominantly occurs within the
axon initial segment (AIS)31 Surprisingly, this axonal injury is not limited to excitatory
pyramidal neurons but also has been demonstrated to occur within interneurons following
mild experimental TBI14. Specifically, ten percent of parvalbumin (PV) interneurons
sustain axon injury following mTBI, a finding critical in the context of recent literature,
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which suggests a critical role for PV+ interneurons in the generation, and regulation of
gamma oscillations 15. Before we continue our discussion of PV+ interneurons, it is
important to discuss the specifics of these types of neurons. First, it is important to note
that parvalbumin is a calcium binding protein that is located within certain populations of
GABAergic inhibitory interneurons44. These GABAergic inhibitory interneurons play a
crucial role in both neuronal circuitry and activity by releasing an inhibitor
neurotransmitter known as gamma amino-butyric acid44. These PV+ GABAergic
interneurons possess a fast-spiking pattern and fire at sustained high frequencies44.
Another population if GABAergic interneurons worth mentioning is somatostatin44.
These subtypes of GAGAergic interneurons operate by exhibiting a regular adapting
firing pattern (somatostatin will be discussed more in future sections of this paper44.
Moving forward, our research will focus on how PV+ GABAergic interneurons are
affected in cases of mild TBI44.
Given our knowledge concerning mild experimental TBI and axonal injury within
the PV interneuron population and this neuronal population’s critical role in generating
gamma oscillations (see details below) it is logical to hypothesize that such axotomy may
result in dysfunction gamma oscillations and this may result in network dysfunction and
contributing to the cognitive and behavioral deficits following mild TBI.
Studies have shown changes within the network of local connection among those
who experience mild TBI. A specific study utilized magnetoencephalography (MEG)
from 31 patients who experienced mild traumatic brain injury and 55 normal control
patients and phase locking value (PLV) estimation and graph theory to determine
differences in the functional connectivity networks of mTBI patients and normal controls.
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Normal control patients were found to have a thick network of local connections and
restricted long-range connections. In contrast mTBI patients demonstrated an increase in
long-range connections and decreased local connections, with a significantly decreased
local efficiency in injured patients across delta, alpha, beta and gamma frequencies. This
study underscores an overlooked effect of mild TBI whereby local network connections
may be predominantly affected with an over reliance upon long-range connections. While
alterations in lower frequencies band (delta, alpha, and beta) are observed, studies
utilizing magnetoencephalography have emphasized changes within gamma. Specific to
gamma oscillations, patients exposed to mild TBI have demonstrated alterations in
gamma oscillatory power21. A recent study examined war veterans who experienced a
mild traumatic brain injury within the last 19.5 months. For this experiment 25
symptomatic active-duty service member or veterans with combat related mild traumatic
brain injuries were compared to 35 healthy controls with similar combat experiences21.
The resting-state gamma band frequencies were obtained via magnetoencephalography
(MEG). Compared to the normal controls, an increase in gamma activity was observed
throughout the prefrontal areas, parietal, temporal, and occipital cortices21. There was
also a decrease in gamma within the ventromedial prefrontal cortex when comparing war
veterans who experienced a mild TBI and the controls21. These region specific alterations
correlate with deficits in specific neuropsychological test scores21. For the individuals
who experienced a mild TBI, which ultimately lead to gamma band dysfunction and
related behavioral changes.
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Gamma oscillations are thought to have a crucial role in cognition, memory
formation, attention, and somatosensory processing12 and have been suggested to
coordinate information flow across brain networks with enhancement of coherence28.
For the purposes of our discussion, it is first important to mention how these brain waves
are recorded. It is understood that the brain has constant electrical activity occurring
throughout the entire structure. There are several ways to study the electrical activity in
the brain, but one of the most popular ways to do so is through use of the
electroencephalogram (EEG). There are a variety of reasons why a clinician may use an
EEG to study a patient; this includes but is not limited to brain tumors, brain damage
from injury, brain dysfunction, inflammation of the brain, stroke, epilepsy, and sleep
disorders. The basic definition of an EEG is that it detects electrical activity in your brain
using electrodes attached to the scalp9. It is important to note that these brain cells are in
constant communication with each other, even when we are sleeping 9. From a
physiological perspective, the EEG measures changes in activity levels and synaptic
currents10. These produce changes in potential, which happen to be measuresd in the
extracellular fluid10. These measurements in the extracellular fluid give rise to the
synchronized brain wave activity that is recorded through the EEG. The EEG can be
spectrally resolved into various oscillatory frequencies; delta (1-4 Hz), theta (4-8 Hz),
alpha (8-12 Hz), beta (12-30), and gamma (30-100)11. However, the gamma oscillatory
band can be broken down into low gamma (30-60 Hz), high gamma (60-90 Hz) and fast
gamma (90-120 Hz)26,27.
The alterations in gamma occur in various disease states and for some of those
there is a correlating change in parvalbumin interneuron function. Importantly,
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parvalbumin neuronal loss or dysfunction is a key component of fragile X syndrome,
depression, anxiety, schizophrenia, and autism spectrum disorder (ASD). And multiple
studies utilizing genetic models of these disorders have demonstrated alterations in
gamma oscillatory power (due to parvalbumin loss or dysfunction) both at rest and during
various behavioral tests (see Table 1).
One gene that has been demonstrated to be associated with ASD and regulate PV
function is the PTEN gene. PTEN is a gene that encodes phosphatase and tensin
homologs19 and mutations within this gene are strongly associated with ASD18. Utilizing
a PTEN developmental conditional knockout paradigm recent studies demonstrate a
reduced number of interneurons and an increased PV/somatostatin interneuron ratio
(PTEN deletion preferentially affects somatostatin interneuron development). The PTEN
knockout mice spent less time with both novel mice and objects, which corresponded
with, elevated gamma oscillatory power (high gamma 62-90 Hz). Baseline (resting)
gamma was also recorded in PTEN knockout mice prior to social interaction tasks and
displayed a decrease in resting gamma power, again in the same frequency range, without
any significant alterations in other frequency bands18. Taken together this suggests there
is altered behavior secondary to gamma oscillatory changes due to PV interneuron
dysfunction.
Other research in the field of schizophrenia also suggest PV interneuron
dysfunction can lead to gamma oscillatory changes and behavioral and sensory
processing issues. Dlx5/6, plays a crucial role in GABAergic interneuron development
regulation and plays a role in the pathogenesis of schizophrenia20. This gene has been
demonstrated to regulate PV interneuron development and conditional knockout of it
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result in a loss of PV interneuron number and altered PV interneuronal morphology
within the cortex20. Heterogeneous adult mice (Dlx5/6+/-) displayed abnormal fast spiking
interneuron development (FSIN), cognition, and gamma rhythms. While there was no
change in the expression of parvalbumin interneurons compared to the control, abnormal
FSIN properties (wider spikes, higher input resistance, slower membrane time constants,
etc) were observed20. These abnormal FSIN developments in adult mice lead to cognitive
and behavioral changes resembling schizophrenia20. Resting gamma was recorded via
EEG electrodes when the mouse could roam free in their cage20. Evoked gamma was
studied during rule shifting and social interations20 with elevations in resting gamma
oscillatory power and decreased gamma power during rule shifting and social interaction
tasks.

Table 1. Resulting changes of resting gamma and evoked gamma secondary to changes
11
within interneuron and parvalbumin numbers with associated WNT scores.

Last, Engrailed-2 (En2) another gene linked to ASD and fragile X syndrome, both
associated with somatosensory hypersensitivity, has been demonstrated to have an
important role in the development of both SST and PV interneurons. En2 is a
developmentally regulated homebox gene that is essential for appropriate
neurodevelopment16 . Deletion results in a loss of PV interneurons from the hippocampus
and somatosensory cortex29. En2 KO animals demonstrated underconnectivity on
functional MRI and reduced neuronal activation in the somatosensory cortex in response
to whisker stimulation, specifically layer IV. Interestingly, despite this, they also were
found to have an increased fear/avoidance behavior during the whisker nuisance task, a
behavioral test which assesses sensitivity to whisker stimulation13. En2 KO mice scored
significantly higher on the WNT compared to WT mice; thus, showing increased
sensitization during whisker stimulation (sensory processing dysfunction)17 within mice
lacking this gene.
Whisker stimulation has proven to be crucial in understanding gamma oscillatory
alterations, and a study recently published describes gamma changes in uninjured mice32.
Bessaih and colleagues demonstrated an elevation in gamma oscillatory power through
the stimulation of whiskers at various frequencies32. Importantly, they also demonstrated
that “white noise” or non-sinusoidal stimulation also elicits gamma power elevations31. In
other words, simply moving whiskers elicits gamma power increases31. What remains
unclear is how the WNT alters resting or evoked gamma oscillatory power in mild TBI
mice.
The WNT was originally described in a model of mild and moderate TBI,
whereby TBI causes same increase in whisker sensitivity as in the En2 mice. Utilizing a
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central fluid percussion injury in rats at mild and moderate severities, McNamara and
colleagues demonstrated a heightened score on the WNT that developed as early as 4
weeks post injury and was persistent throughout 8 weeks post injury.
The role for PV interneuron axotomy and gamma oscillatory changes in the
development of whisker hypersensitivity following mild TBI remains unknown and is the
focus of the current manuscript. PV dysfunction and/or loss has consistently been
demonstrated to result in dysfunction in gamma rhythms. Unclear is whether the PV
axotomy following mTBI causes alterations in either resting state gamma oscillations or
evoked gamma oscillations during the WNT and whether such alterations may contribute
to the development of the whisker hypersensitivity observed following injury.
Utilizing the central fluid percussion injury model, our lab studied resting
state and evoked gamma in both mild TBI and SHAM mice. The whisker nuisance task
was used for a number of reasons. The first of which was to determine whether the test
itself could be relied upon when analyzing behavioral changes post-injury. The test was
also used during our evoked gamma trials. Several conclusions can be drawn from our
research, which will be discussed later.
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Materials and Methods
Mice Demographics
The strains of mice utilized for this research were a combination of YFP negative
(wild type) and RxPV; with a total of six and nine used respectively. Both the wild type
and RxPV mice are bred on the same same c57BL6 background. The advantage of using
RxPV mice is because of their expression of channelrhodpsin within their parvalbumin
cells. Through the use of blue light, these channelrhodopsin receptors will become
depolarized and can be used to study gamma oscillatory power during ex vivo
experiments, and are ongoing separate experiments being conducted within the
laboratory. All mice were between three to six months in age.

Injury and EEG Probe Implantation
Day 1
(30 min
habituation)

Day 2
(30 min
habituation)

Day 3
(30 min
habituation)

Day 4
(EEG
Implantation)

Fig. 1: Flow chart of habituation and EEG implantation

Before any injury or EEG implantation takes place, the mice undergo three days
of habituations (30 minutes each day) in the area where the behavioral testing will take
place (as seen in figure 1). Following this, a modified central fluid percussion injury and
implantation of a wireless EEG sensor was performed. We have chosen cFPI because it
creates a truly mild injury that lacks contusion, as is typical of clinical mild TBI and
concussion in which alterations in gamma oscillatory frequencies have been found.
Briefly animals were anesthetized with isoflurane anesthesia and manual trephination
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was used to create a 3.0 mm circular craniotomy along the sagittal suture midway
between regma and Lambda, leaving the underlying dura intact. Next, utilizing a
stereotactic frame and a small handheld Dremel tool with a round burr, three small
burholes were created at the following locations reflecting the location of (1) the barrel
cortex and (2) the hindlimb area, both of which reside within the somatosensory cortex,
hindlimb representation. Note that the barrel cortex is associated with whisker
sensitization33. On the (1) left side a burrhole was placed at AP -1.5 and ML -3.0 and on
the (2) right another placed at AP -0.1 and ML +1.8. A third burrhole was placed over the
left cerebellar hemisphere to accommodate the reference/ground electrode. A sterile
Leur-Loc syringe hub was cut away from a 20-gauge needle that was affixed to the
craniotomy site using cyanoacrylate and filled with sterile saline. The animals were then
allowed to recover from the initial surgery and anesthetic for a minimum of 1 hour prior to
the induction of the fluid percussion injury. Following recovery, the animal was then reanesthetized in a chamber with 4% isoflurane in oxygen, before attaching the hub to a
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sterile saline-filled spacer, which was attached to the FPI apparatus (Custom Design &
Fabrication; Virginia Commonwealth University, Richmond, VA). This created a fluid
pulse delivered to the cranium in a closed mechanical system. The pressure pulse was
then measured by a transducer and displayed on a storage oscilloscope. A peak
pressure of 1.5-1.7 atmospheres creates a mild injury lacking contusion. The pressure
for each injury was recorded. After injury, the animals were visually monitored for

spontaneous recovery of righting and reflexes. In human TBI the duration of loss of
consciousness is correlated to injury severity, while the animal surrogate of this is loss of
the righting reflex43. Since they were anesthetized with isoflurane, even sham-injured
animals have a brief loss of the righting reflex. In sham animals, this returned within
several minutes while with mild cFPI the righting reflex is between 5-8 minutes. After
return of reflexes the hub and dental acrylic were removed en bloc.The animal was reanaesthetized with isoflurane and placed back into the stereotactic frame. The sterilized
Biopac Epoch two-channel transmitter was then placed upon the surface of the skull and
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the wires were trimmed to the appropriate length to sit upon the dura through the burr
holes. The transmitter was secured to the skull with cyanoacrylate. During both surgical
portions of this procedure the animal’s core body temperature was maintained via
heating pad with feedback control. Physiological monitoring of heart rate, respiratory rate
and arterial blood oxygenation was performed via a pulse oximeter sensory (MouseOx;
STARR Life Sciences, Oakmont, PA). Animals demonstrating any physiological anomaly
were excluded from subsequent procedures and study.

EEG Recording Equipment
In order to adequately obtain the appropriate data, our lab utilized an array of
equipment and software from Biopac as well as other systems. The EEG data was
recoded using the Epoch system (Biopac) and then translated into digitized data with the
MP150 system (Biopac). The Epoch system gathers EEG data at frequencies of 2,000 Hz,
which is then digitized on the computer as brainwaves. The software used to initially
obtain the EEG data is known as AcqKnowledge (Biopac), which is eventually
converted/imported to Matlab (MathWorks). It is important to note our lab used software
known as Brainstorm in association with Matlab. Once imported into Matlab/Brainstorm,
we are able to utilize shortcuts and other plugins to study the data at the appropriate time
points, as well as the frequencies of gamma oscillations we are interested in viewing.

Resting Data Recordings
Day 1
(30 min
habituation)

Day 2
(30 min
habituation)

Day 3
(30 min
habituation)
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Day 4
(EEG Implant
or Whiskers
Nuisance
Task)

Recording resting data provided a baseline for us to compare each mouse, as well
as changes or lack thereof in resting gamma oscillations. The majority of resting data
recordings comes from habituation trials to prepare the mouse of either EEG implantation
or the Whisker nuisance task. Three days before any WNT or EEG implantation, the
mouse would be taken to the room where the WNT would occur and let roam around
their designated cage for approximately 30-minutes. Their designated cage consisted of
feed and bedding from their original cage to provide familiar scents. The entire purpose
of these habituations trials was to ensure the mouse is in a non-novel environment, and
will therefore provide the most accurate data. Resting data was also recorded one-day
post-op (30-minute time period) and the five-minute resting periods in between the trials
of the

Whisker Nuisance Test
Final
Habituation

SHAM
5 min
rest

Trail 1
(Right
Whiskers)

5 min
rest

Trial 2
(Left
Whiskers)

5 min
rest

Trail 3
(Right
Whiskers)

Fig. 2: Flow chart of Whisker Nuisance Task trials

The Whisker Nuisance Test (WNT) is a behavioral test that was used in order to
determine any sensory impairment through tactile stimulation of the whiskers in mice that
may or may not have mild traumatic brain injuries. A flow chart of the behavioral test has
been provided above for simplicity. Before any WNT trials, the mice underwent one final
30-minute habituation trial. A total of four trials lasting five-minutes were conducted
with five-minute rest periods in between. The five-minute rest periods were used in order
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to give the mouse a break and the researcher time to record data. The first trial was a
“mock”, in which a long stick was waved over the cage, but never came in contact with
the mouse. The second trial focused on stimulating the whiskers on the right side of the
mouse. The third trial stimulated the whiskers on the left side of the mouse. Finally, the
last trial was to again, stimulate the whiskers on the right side of the mouse. Note that
while the number of times the stick came in contact with the whiskers was not strictly
counted, each trial received approximately the same amount. During the trials, five
different behaviors were monitored and then quantified during the five-minute rest
periods. These behaviors included; fear, stance, breathing, response to stick presentation,
and evasiveness. For each behavioral category, a number between 0-2 was given. A total
score was then calculated which represented the overall behavior of the mouse for a given
trial. It is important to note that scores were based on the behaviors that occurred the
most throughout the trials. WNT were performed one week, four weeks, and eight weeks
post-injury. The testing individual was blinded to cFPI vs sham grouping during the 8
week period of testing.

Fig. 3: Whisker Nuisance Task behavioral scoring template.

19

Data and Statistical
For the Whisker Nuisance Task scores a repeated measures ANOVA was
utilized to determine if there was an injury effect and/or a trial effect.
Digitized two channel EEG recordings from the last 30 min habituation on postoperative day 1, week one, week four and week 8 were imported into Brainstorm34.Three
hundred seconds from the later portion of the recordings (1400-1700 s) was extracted and
analyzed visually for artifacts, which were removed. Welch’s power spectral density
plots were generated for each recording. The mean power in each frequency was
calculated across 2 second windows with a window overlap of 50%. Spectrum
normalization for each recording was done by multiplying the power in each frequency
band by the frequency (1/f normalization). Due to unequal variance (failed Levine’s test)
within the dataset, a Bayesian ANOVA was performed to determine the likelihood of
rejecting the null hypothesis that gamma power was unchanged following mild TBI.
For data analysis of spectral bands from the whisker nuisance test each 5-minute
period (sham trial and trials 1-3) was utilized. The recordings were visually inspected and
time periods with artifact were removed. Welch’s power spectral density plots were
generated for each recording. The mean power in each frequency was calculated across 2
second windows with a window overlap of 50%. Power within each frequency range
during trials 1-3 were normalized as a percentage of power during the sham stimulation
period. A repeated measures ANOVA was utilized to test for significant effect of injury
and trial for the WNT at 1 week and 4 weeks. Given the trend for decreased gamma
power with respect to trial number, the gamma power from trial 3 was then utilized to
compare 1 week to 4 weeks with a two-way ANOVA.
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Results
Physiological Surgical Data

Table 2. Surgical physiological data of cFPI and SHAM mice including injury severity,
righting reflex, arterial O2 saturation, heart rate, and breath rate.

A total of 15 mice were utilized for these experiments; with nine mice assigned to
undergo diffuse mild TBI and six mice assigned to the SHAM group (control). The
physiological data recorded during surgeries included: arterial O2 saturation, heart rate,
and breath rate. A two-tailed T-test was utilized to compare the sham-injured group with
the cFPI group. There were no significant differences between SHAM and injured mice
in all categories (see Table 2). Injury severity for the cFPI animals was 1.605 atm ±
0.017. The time to recovery of the righting reflex for injured animals was 335.8 seconds
± 15.8 seconds and was significantly elevated when compared to recovery time of the
same for sham-injured animals at 75s ± 13.5s (Student’s t test; p=0.00000598). Righting
reflex is a measurement that has been used to consistently determine the level of injury
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severity45. The recovery of righting reflex is assessed by placing the animal on its back
and measuring the amount of time it takes to turn back over on their feet45.
Arterial O2 Saturation Analysis
A p-value of 0.197 was determined through the two-tailed T-test. The average
arterial O2 saturation was 96.645 with a standard deviation (SD) ± 1.263 within the
SHAM group. Within the injured group the average arterial O2 saturation was 94.515
with a SD ± 3.655. (Table 2).
Heart Rate Analysis
A p-value of 0.248 was determined through the two-tailed T-test. The average
heart rate was 421.405 and standard deviation (SD) ± 45.105 within the SHAM group.
Within the injured group the average heart rate was 565.965 with a SD ± 50.852.(Table
2).
Breath Rate Analysis
A p-value of 0.986 was determined through the two-tailed T-test. The average
breath rate was 42.755 and standard deviation (SD) ± 13.730 within the SHAM group.
Within the injured group the average breath rate was 42.860 with a SD ± 8.701 (Table 2).
mTBI Does not Alter Resting State EEG Spectra
Following cFPI there was no significant alteration in resting gamma oscillatory
power. Power spectral density plots representing the average relative power are
demonstrated below (Figure 4). For each brain region the power was calculated between
frequencies 1-128 Hz, with a focus on the following frequency bands; delta (1-4 Hz),
theta (4-8 Hz), alpha (8-12 Hz), beta (12-30), low gamma (30-60 Hz), high gamma (6090 Hz) and fast gamma (90-120 Hz). In both regions, the somatosensory barrel cortex and
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the hindlimb region of the somatosensory cortex there was no significant injury induced
alteration in the power within any of the frequency bands analyzed (Bayes factors <1 for
all frequencies with respect to an effect of time and injury. Bayes factors are used to
determine the likelihood of one hypothesis compared to another46). There was a
consistent elevation in the power of both sham-injured and cFPI injured animals at
roughly 106-110 Hz of unknown significance.

Fig 4. Resting state EEG data within the SSBF and S1HL brain regions of both
injured and SHAM mice at POD01 (A-B), POD07 (C-D), & POD28 (E-F).
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Whisker Nuisance Task Scores
The whisker nuisance task is a sensitive behavioral test of somatosensory
hypersensitivity that is altered following cFPI in mice and this altered behavior is
persistent for 4 to 8 weeks following injury. There is a significant elevation in the WNT
scores within cFPI mice at one week with an average score of 4.75±0.59 vs 3.33±0.47 for
sham-injured mice (Figure 5, Repeated Measures ANOVA; p=0.048). A repeated
measures ANOVA is utilized when there is a comparison across one or more variables
that are based on repeated observations (E.g. comparing cFPI mice vs Sham-injured mice
at one and four weeks47). This increase is present with the initial trial and is persistent and
does not habituate with repeated testing at 1 week as there is no significant difference in
the scores with respect to Trial 1 through Trial 3 at 1-week post injury (post hoc
Bonferroni test). This somatosensory hypersensitivity persists at 4 weeks post-injury,
with WNT scores in the cFPI mice averaging 5.21±0.56 and these were significantly
elevated when compared to sham-injured (4.27±0.64, p=0.004). Again, after the initial
trial, the scores remained elevated and did not habituate during week 4 testing, as there
was no significant difference between trial numbers (post hoc Bonferroni test). There was
also no significant effect of time when comparing average scores from week 1 to week 4
post-injury (using a repeated measures 2-way ANOVA).
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Fig. 5. Avg. WNT scores of each trail (sham, 1, 2, 3) for both SHAM & injured mice at
both week one and week four.

Whisker Nuisance Task
8

7

WNT Score

6
5
4
3
2
1
0
1.s

1.1.

1.2

1.3
Avg sham

Evoked Gamma Oscillations
One Week Post Injury
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4.s
Avg inj

4.1

4.2

4.2

Evoked oscillatory changes within the somatosensory barrel cortex and hindlimb
area during the WNT were measured at one week, four weeks, and eight weeks post-op
and defined as the percent change over the baseline sham WNT testing session.
At one week following injury there is very little demonstrable alteration in lower
frequencies of gamma (30-60 Hz) when comparing injured to sham (see Table 1 and
Figure 4 ). Within the upper ranges of gamma, high gamma (60-90 hz) and fast gamma
(90-120 hz) displayed a trend suggestive of a decrease in oscillatory power during the
WNT in cFPI animals compared to sham animals (Figure 3) within both the barrel cortex
and the hindlimb region (p=0.054 and p=0.053 for HG and FG, respectively within S1HL
and p=0.089 and p=0.069 for HG and FG, respectively within the barrel cortex). In
addition to the injury effect, there is significant decrease in power across trial number in
the fast gamma frequency range in S1HL (p=0.048) and a similar trend within the barrel
cortex in the same frequency range (p=0.066). A trend toward the same decreased power
throughout the WNT trials was within both the S1HL and barrel cortices within the high
gamma range (p=0.071 and p=0.08, respectively). When grouped together there was also
a trend of decreased total gamma power (30-120hz) in S1HL (p=0.078) and the barrel
cortex (p=0.138) following cFPIs.
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Fig 6. Week one analysis of low gamma (LG) (A-B), high gamma (HG)(C-D),
fast gamma (FG) (E-F), & total gamma (TG)(G-H) within the SSBF and S1HL
brain regions of SHAM and cFPI mice.
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Week Four Analysis
The same regions (SSBF and S1HL) and same gamma frequencies (LG, HG, FG,
and TG) were measured again at 4 weeks post-injury. Unlike the results at 1-week postinjury there was no trend towards significant differences between the power within any of
the gamma range frequencies during the whisker nuisance testing (see Figure 7 and Table
1).

Fig 7. Week four analysis of low gamma (LG) (A-B), high gamma (HG)(C-D),
fast gamma (FG) (E-F), & total gamma (TG)(G-H) within the SSBF and S1HL
brain regions of SHAM and cFPI mice.
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Week One vs. Week Four Analysis (Gamma)
Changes in gamma oscillatory power from week one to week four were analyzed
in both SSBF and S1HL regions and across all gamma frequencies (LG, HG, FG, and
TG). Because of the significant data produced in trial three of the Whisker Nuisance
Task, it was determined that the analysis between week one and week four gamma
oscillatory changes would only consider trial three.
When analyzing week one data, significant data was found within HG, FG, and
TG within both brain regions of consideration. LG oscillatory power did not produce any
significant data within the SSBF region in either group effect or time effect. However,
LG produced a trend towards significance within the S1HL region in association with
trial effect (p-value of .053). LG did not produce significant data within the S1HL region
in association with the injury effect. HG produced significant data within the trial effect
of both the SSBF and S1HL regions with p-values of 0.040 and 0.024 respectively.
Although significance was not seen in HG injury effect for either brain region, a trend
towards significance was seen in the S1HL region with a p-value of .055. No significant
data was produced in the FG oscillatory range for SSBF in either injury effect or group
effect. Within the S1HL region FG produced a significant p-value of .034 in association
with trial effect, but no significance was seen with injury effect. TG oscillatory power
produced similar results seen in HG. No significant data was produced within the SSBF
region for either injury effect or trial effect, however; a significant p-value of 0.036 was
produced within the S1HL region in association with the trial effect, but no significant
data was produced in association with injury effect. When analyzing week four gamma
oscillatory power, there is a stark difference within all ranges of gamma compared to
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week one. When viewing figure 8, the drop in gamma seen in week one is completely
gone in week four. In fact, there seems to be an increase in gamma across all frequencies,
especially within injured mice.

Fig. 8. Comparison of gamma frequency ranges during trial three at week one and
week four across the SSBF & S1HL brain regions in SHAM & Injured mice.
Gamma frequency ranges include low gamma (LG)(A-B), high gamma (HG)(C-D),
fast gamma (E-F), & total gamma (TG) (G-H).
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Discussion
Whisker Nuisance Task Scores
The Whisker Nuisance Task (WNT) is a viable behavioral test to evaluate
somatosensory hypersensitivity following diffuse mild traumatic brain injury in mice,
previously only demonstrated following brain injury in a rat model of fluid percussion
injury13. Subtle differences between our findings and this previous study include the time
to onset of somatosensory hypersensitivity, as McNamara and colleagues did not
demonstrate this hypersensitivity until 4 weeks following injury, though a non-significant
trend of increased scores at 1-week post-injury was present. When evaluating this
hypersensitivity response in mice following cFPI in our study a differential response was
present as early as 1 week following cFPI between injured and sham-injured animals.
Reasons for this may simple be differences between the rodent and murine response to
injury. Additionally, and unlike McNamara and colleagues, we employed several days of
habituation prior to testing, which may have reduced anxiety within all animals and
lowered the initial scores for sham-injured animals allowing for more sensitive detection
of injury-induced effects at 1 week. Additionally, McNamara and colleagues utilized
cohorts of animals tested at individual time points which is distinct from our study which
tested the same animals at each time point. In this regard, McNamara and colleagues do
comment on several animals that were tested at multiple time points, and though they
provide no statistical analysis, they do comment that with their model and injury that
once an animal develops hypersensitivity it appears to persist at later time points similar
to our dataset.
Importantly, following cFPI in mice, roughly 10% of PV interneurons sustain an
axotomy, which results in PV interneuron dysfunction with decreased sIPSC frequency
and amplitude following injury14. Other genetic models of ASD and similar neurological
disorders have also demonstrated PV interneuron loss or dysfunction and have also
demonstrated similar increases in somatosensory hypersensitivity in the WNT. Chelini
and colleagues demonstrated similar elevation in the WNT scores in Eng2-/- mice,
previously demonstrating a developmental loss of approximately 43% of PV interneurons
from layers 2/3. Conversely, a more recent study by Pizzo and colleagues demonstrated
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decreased WNT scores in CDKL5 deficient mice. CDKL5, or cyclin-dependent kinaselike 5, gene deletion is known to cause CDKL5 Deficiency Disorder (CDD) which is a
severe neurodevelopmental disorder where patients exhibit early onset seizures and
autism-like symptoms and sensory issues. CDKL5 deletion in mice also results in
increased PV interneuron number and density within all cortical layers. Thus there
appears a clear link between PV interneuron number and function and alteration in the
WNT scores and somatosensory hypersensitivity.
Resting Gamma
Mild TBI does not result in alterations to resting gamma oscillatory power as
there was no significant difference between cFPI animals and sham-injured animals.
Similarly, there was no significant difference found in any of the frequency bands, nor
within broadband total power at rest. These findings are inconsistent with other ASD and
schizophrenia studies utilizing genetic models with PV interneuron loss or dysfunction
which have demonstrated alterations in resting gamma oscillatory power 18, 35,36. This
discrepancy may be due to the degree of PV interneuron dysfunction required to generate
alterations in baseline gamma oscillations as with these genetic models there is
widespread PV interneuron loss or dysfunction. Gandal and colleagues demonstrated an
increase in resting gamma oscillatory power (30-80hz) that was driven by loss of 40-75%
of PV interneurons within the somatosensory and prefrontal cortices with constitutive
NMDA-receptor hypofunction. Similarly, the increased resting gamma oscillations (both
low and high gamma ranges) in the Dlx5/6 KO mice occur in the setting of a greater than
50% reduction in the number of PV+ interneurons20.Thus the loss of PV+ interneuron
required to effectively alter resting/baseline gamma oscillatory power may be required
when considering the information presented at the beginning of this paper35, 18, 20. The
PTEN gene that regulates neurodevelopment is also crucial in developing the appropriate
somatostatin and parvalbumin ratio18. As described earlier, PTEN knockouts lead to an
increase in parvalbumin process growth and inhibition18. Examining mice with a PTEN
knockout produced data that revealed an increase in the parvalbumin ratio lead to a
reduction of gamma oscillatory power when mice were at rest18. The opposite effect is
seen in Dlx 5/6-knockout mice20, 24. The Dlx 5/6 knockout mice lead to a decrease in
parvalbumin development. The observed decreases in parvalbumin growth ultimately
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lead to an increase in resting gamma within the mice. The lack of significant difference in
resting gamma between SHAM and injured mice may be due to unequal variance
between the mice themselves. Our data was analyzed using several different statistical
methods, however, due to the different levels of variance at baseline for each mouse, a
conclusive result was not found. More statistical methods need to be studied and utilized
in order to confirm non-significance.
Whisker Nuisance Task & Evoked Gamma
Quantitative sprectral analysis of electroencephalographic recordings during the
five minute trials of the WNT revealed a decrease in gamma oscillatory power, especially
in the high gamma (60-90 hz) and the fast gamma (90-120hz) ranges, in cFPI mice
compared to sham-injured mice. While no studies to date have directly investigated
gamma oscillatory changes during this sensory test, other studies in the field of ASD and
schizophrenia have demonstrated similar alterations in evoked-gamma power during
various somatosensory and behavioral tests37, 38, 36, 35, 39, 41, 48. Deletion of Dlx5/6,
transcription factors involved in GABAergic interneuron development results in PV
interneuron loss in adults20 and importantly these mice demonstrate decreased evoked
gamma power (60-120hz range) within the mPFC during social interaction tasks and rule
switching tasks, both also demonstrating abnormalities when compared with WT
controls35. Additionally, knock-in of Neuroligin 3 R451C (an autism-associated
mutation) results in decreased PV interneuron number40 and decreased evoked low and
high gamma oscillatory power in the mPFC during social interaction tasks39. Conversely,
relative increases in PV interneuron number, as seen in PTEN conditional KO, result in
increased evoked gamma power within the mPFC during social interaction tasks as
compared to WT18. Our data fit with this theme of dysfunctional PV interneuron and
directional alterations in evoked gamma oscillatory power in that there is bot PV
interneuron dysfunction and a decrease in evoked gamma power during the WNT.
Interestingly, this decrease in gamma oscillatory power during the WNT trials
does not appear to be persistent as there is no decrease at 4 weeks post-injury, despite
persistent elevations in somatosensory hypersensitivity as evidenced by persistently
elevated WNT scores. Though Chelini and colleagues did not directly study evoked
gamma power have been performed in the Eng2 KO mice, they do perhaps provide some
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insight into this finding. Utilizing cFos labelling to assess for neuronal activity 2 hours
following WNT trials, they surprisingly found a decreased level of neuronal activation
within the somatosensory cortex, specific to Layer 4, as well as within CA1 of the
hippocampus within the KO mice following the WNT. Additionally, they noted increases
specifically within two components of the WNT, freezing and breathing, associated with
fear and also found an increased level of cFos labelling in the basolateral amygdala.
These alterations occur without any alteration in functional connectivity and the authors
suggest the abnormal activation of the BLA in mutant mice may be due to abnormal
processing of somatosensory stimuli and may result in abnormal memory coding of this
sensory stimuli. Importantly, the decrease in neuronal activity in Layer 4 (as evidenced
by cFos labelling) was not studied specifically with regards to neuronal type, but it is
interesting to note that, at least within the visual cortex where it has been studied
extensively, Layer 4 and Layer 2/3 interneurons are responsible for generating sensory
evoked gamma oscillations41. Further studies in our model remain, but the decreased
neuronal activation of Layer 4 may represent decreased gamma oscillatory power and
abnormal processing of somatosensory information resulting in abnormal memory coding
with persistent behavioral responses in the absence of persistent loss of gamma
oscillatory power within the somatosensory cortex.
Future Experiments
Several future experiments will be considered in order clarify causality between
the evoked gamma oscillatory changes and the abnormal response in the WNT. As these
recordings are local field potentials, one confounding factor may be gamma oscillations
arising from the motor cortex50. Repeated experiments with at least one recording
electrode overlying the motor cortex will allow this to be distinguished. Additionally, the
absence of gamma oscillatory changes at 4 week despite persistent elevations in WNT
scores also warrants additional investigations. Additionally, as whisker stimulation of
various frequencies (25-200hz) as well as white noise stimulus has been demonstrated to
increase gamma oscillatory power within anesthetized animals will millisecond
precision32 a cohort of animals will be injured (cFPI and sham-injured) and then
implanted as was done in the current study. Instead of recording EEG data during the
WNT, recordings will be performed while anesthetized and during discreet periods of
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focused whisker stimulation with piezoelectric stimulator49 at frequencies (25-200hz)
known to generate large increases in gamma oscillatory power in the barrel cortex to
establish if this response is altered with mild TBI and subsequent PV interneuron
dysfunction. Last, similar to the Chelini group study, we will utilize cFos labeling two
hours following WNT testing to establish if similar patterns of neuronal activation (or
lack thereof) are present in the mTBI model and more importantly, are these changes
persistent throughout the time course studied or do they vary as the alterations in evoked
gamma power vary with respect to time in the current study.

In summary, the current findings displays increased behavioral scores (more
scared/worried) of cFPI mice compared to the Sham-injured mice at both one week and
four weeks post-injury. Furthermore, alterations in gamma were also observed in cFPI
mice versus their Sham-injured counterparts. Alterations in gamma were most notably
seen in the upper gamma ranges one week post-injury, but were resolved four weeks
post-injury. The discrepancies of increased WNT scores at week four with resolved
gamma oscillations, and potential alteration in gamma arising from the motor cortex
permits future studies. While our data showed consistency and inconsistencies with
previous studies, it is important to continue future studies in order to have a better
understanding of this matter.
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